measures how well a model realization matches observations, while the optimization determines the independent (control) variables such that the cost function is minimized (S3) . The method of Lagrange multipliers is used in this approach. An adjoint code of the ocean general circulation model is applied in an iterative procedure to seek the best possible time trajectory of model variables on the basis of the observational data. The result is a dynamically self-consistent estimate of the evolving ocean circulation (S4).
Our ocean-data assimilation system is based on a global oceanic general circulation model (OGCM), version 3 of the GFDL Modular Ocean Model (MOM) (S5) . The OGCM was developed, in particular, for a higher-level representation of the deep ocean state. For this purpose, we incorporate sophisticated parameterization schemes for the bottom boundary layer (S6) and a Noh mixed layer scheme (S7) with major physical parameter values determined through a variational optimization procedure (S8) . The OGCM is forced by the surface fluxes. The geothermal heating effect is represented as vertical diffusion and is implicitly incorporated by the optimization of the diffusive coefficient through the variational procedure. The horizontal resolution is 1 o in both latitude and longitude, and there are 46 vertical levels for the global ocean basin. The adjoint code of the OGCM was obtained using the Transformation of Algorithms in Fortran (TAF) (S9).
-2 -Adjoint sensitivity analysis. The Lagrange multiplier or adjoint method used in a 4D-VAR data assimilation system offers a straightforward method of determining the sensitivity of various objective functions to perturbations in oceanic state or elements governing the oceanic state (e.g., surface fluxes as external disturbances) (S10).
Consider any objective function, J, e.g., water temperature in the abyssal North Pacific.
The adjoint to the state estimate can be used to calculate the sensitivities, ∂J / ∂X (r, t),
where X is any variable of concern at location r at time t. We are interested in determining how a shift of model variables would affect J. Hence we consider the normalized form of δJ in the form
where δX is an estimate of the uncertainty (variance of the variable X), and non-dimensional length of dz is introduced for variables such as water temperatures that are best evaluated per unit depth.
In the adjoint formulation of the coarse-grained modeling, a linear approximation is used for nonlinear terms such as the advection term because of difficulties arising in the exact formulation, which sometimes cause computational instability (S11). In this study, in particular, we assume that the tangent linear assumption holds for the relatively slow abyssal current system and also that the practical transactions involved in the sub-grid scale parameterizations are valid in the modeled processes related to the variations in dense water formation. A model climatology of the seasonal evolution is used as the background ocean state for the determination of δJ.
Earth Simulator. Earth Simulator is a highly parallel vector supercomputer system of the distributed-memory type, and consisted of 160 processor nodes connected by
Fat-Tree Network with a theoretical peak performance of 131 Tera-FLOPS.
-3 -Kelvin wave propagation in the southern hemisphere. The evidence of the Kelvin waves travel throughout the southern hemisphere in our adjoint sensitivity analysis is clearly seen in the distribution of the temporal rate of change of bottom-water temperature (as Fig. 2 ), when the "oceanic velocity" is changed (Fig. S2 ). We can identify features that are typical of topographic Kelvin waves, that is, exponential diminution in wave amplitudes from the maximum at the lateral boundary and a length scale corresponds to the Rossby radius of deformation.
The Kelvin wave propagation speed. The Kelvin waves travel in a direction for which the lateral boundary is always on the left (in the Southern Hemisphere) and they propagate on a density interface with the internal-wave speed
where g is the acceleration due to gravity, ∆ρ the density difference through the density interface, ρ 0 the mean water density, H the depth of the relevant isopycnal layer. The parameter g' represents the reduced gravity: 
The calculation using the synthesized field is in line with this equation, since it matches the observations through a sophisticated optimization by a 4D-VAR adjoint approach. Thus, the term balance is precisely diagnosed by examining each term. The geothermal heating effect incorporated in vertical diffusive term does not explicitly -6 -appear in this term balance. The combined effect including the geothermal heating is evaluated as a "vertical diffusion" in this balance. In this paper it was examined by averaging the value during 1984-2000 including WOCE and WOCE_rev observational periods, since we focus on long-term changes in abyssal water.
Quantitative diagnosis for the work performed by oceanic waves. The power density for the oceanic waves, the rate at which work is performed by the wave passage, is defined as the temporal change in the total energy density (the sum of the potential energy and the kinetic energy per unit area) in this study. The power density for the topographic Kelvin waves across the deep trench in the Southern hemisphere 
